Earlier analyses of valley networks on Mars often concluded that they were poorly integrated, immature drainage systems. Consequently, surface runoff from precipitation was generally thought to be an unimportant geomorphic process. Combination of Mars Global Surveyor (MGS) imaging and altimetry data sets, however, provides a vast improvement in image clarity and resolution. Although we have used the same defining characteristics for valley networks as used in previous work, our mapping in the Martian highlands reveals up to an order of magnitude higher values for the number of valleys, total valley length, and drainage density. Segments can now be mapped a greater distance with the result that the heads of numerous systems reach right up to the drainage divides. Moreover, MGS data show that many previously mapped, unconnected, low-stream-order segments are part of larger, integrated, mature drainage networks. In light of these new data, it is likely that surface runoff (and, by inference, precipitation) played an important role in the sculpting of large regions of the Martian landscape early in the planet's history.
INTRODUCTION
Valley network systems on Mars were first described from Mariner 9 images (Milton, 1973) and remain the most unequivocal evidence that water carved the surface of the planet in the past and that the climate was different than today's. Most of these systems date from the Noachian (Carr, 1995) , the period of heavy bombardment before 3.7 Ga (Hartmann and Neukum, 2001) , although local or regional formation seems to have continued to more recent times (Scott et al., 1995; Craddock and Howard, 2002) . Understanding the past water budget of Mars has important implications for the potential development of life elsewhere in the solar system.
The discovery of valley networks on Mars sparked a long-lived debate over the amount and importance of water at or near the Martian surface. Valley networks on Mars were noted as evidence for precipitation and surface runoff in the ancient past (Masursky, 1973; Sharp and Malin, 1975) ; however, further scrutiny of the data revealed immature drainage systems consisting of widely spaced, U-shaped valleys that sometimes had alcove-like heads (e.g., Pieri, 1980) . Groundwater sapping was thought to be responsible for these characteristics, and this process was hypothesized to dominate Martian valley formation (Squyres and Kasting, 1994; Carr, 1995) . For such a scenario, however, abundant recharge is necessary to explain the degree of erosion observed on Mars (Grant, 2000) .
Data since the Mars Global Surveyor (MGS) have not conclusively determined the importance of runoff and groundwater flow derived from precipitation versus groundwater recycled exclusively in the subsurface, and arguments for both scenarios have been made. Carr and Malin (2000) suggested the lack of fine-scale dissection in most high-resolution Mars Orbiter Camera (MOC) images as an argument against surface runoff. Conversely, Hynek and Phillips (2001) noted topographically high, dissected inliers surrounded by low-lying plains, and hypothesized that some regions of the landscape underwent extensive precipitation-fed fluvial denudation in the Noachian epoch. In this study we analyzed recent MGS data in the Martian highlands with new techniques and found far more valley networks and mature drainage systems than were estimated by Carr and Chuang (1997) . Both groundwater and surface runoff played a role in sculpting the Martian landscape; however, our findings argue for a substantial contribution from precipitation and surface runoff.
BACKGROUND
Drainage-basin morphometry is often used to infer past climatic conditions and the importance of precipitation (e.g., Carr and Chuang, 1997) . Terrestrial categorization of basin morphometry incorporates the properties of stream length, density, and order to determine the degree of valley network integration and maturity. Quantitative analysis of stream order was developed by Strahler (1958) and is characterized by assigning each valley segment an integer number based on the pattern of headward tributaries. The most headward segments are considered first order and assigned a value of one. Moving downstream, when two valleys of the same order meet, the resultant trunk is given a value of one plus the order of previous segments. The valley network system is collectively assigned the highest order occurring in the system, which is the order of the trunk segment. Drainage density is simply defined as the average length of valley segments per unit area (Ritter et al., 1995) and is a reflection of stream spacing in a drainage basin. The common procedure to calculate this parameter is to determine the total length of valley segments and then divide by the area of a drainage basin. High-resolution topography allows for the first time an accurate determination of drainage basins on Mars. We defined dissected basins by the surrounding topographic divides and then used geographical information system (GIS) software to compute the enclosed area. The total length of valley segments within a basin was calculated from the database of Carr (1995) and from new mapping of valley networks in this study. These numbers were used to determine the drainage density follow-ing the method of Carr and Chuang (1997) at the same 1:1,000,000 map scale. On Earth, this technique shows that mature drainage basins are heavily dissected and typically have a high stream order and drainage density of Ͼϳ7 ϫ 10 Ϫ2 (Carr and Chuang, 1997) . Valley network systems in this category are thought to reflect a strong contribution from precipitation and subsequent surface runoff.
Our technique to investigate drainage basin morphometry on Mars utilized the MOC wide-angle global image mosaic and Mars Orbiter Laser Altimeter (MOLA) data, the combination of which provides a considerable improvement in resolution and clarity of the Martian surface. Global image data from Viking missions have been available at 1/256 of a degree (0.2314 km/pixel) in the form of a Mars Digital Image Map (MDIM), of which several versions are now available. These data have been used as the standard products for nearly all analyses of the Martian surface, including geologic mapping. Resolution, brightness, sharpness, and clarity vary dramatically, however, in the many individual scanned photographs that make up the mosaics. An updated global mosaic has been compiled by Malin Space Science Systems using data from the MOC red-filter wide angle camera. The MOC global mosaic is also at 1/256 of a degree, but provides considerable improvement in image quality and consistency. Moreover, the MOLA instrument has given the first accurate geodetic control of the Martian surface, allowing precise registration of data sets.
We have completed analyses of valley networks over large areas of the Martian surface. This paper highlights two specific areas on the ancient cratered highlands of Arabia Terra. One region considered here is centered at lat 5ЊN, long 33ЊE, and the other area is centered at lat 0ЊN, long 23ЊE. The terrain in both cases consists of typical cratered highland units of middle and late Noachian age (Greeley and Guest, 1987) and was described as moderately dissected through the use of pre-MGS data (Carr and Chuang, 1997) . The results discussed subsequently are typical of most other areas of the ancient Martian highlands we have examined.
METHOD
We used interactive data language (IDL) to produce shaded-relief maps from the 1/128 degree per cell topographic gridded product (ϳ0.5 km resolution) acquired with MOLA. This product was converted into a GIS format as a georeferenced grid file for the manipulation of multiple layers of data. The MOC global image mosaic was coregistered to the MOLA-defined planetocentric coordinate system and overlaid on the shaded-relief data.
Further, the original MOLA gridded product with a color stretch was added as a separate layer. GIS software allowed us to use the shaded-relief map as a base and vary the transparency, stretch, and many image-related parameters of the overlying layers. For example, when the MOC mosaic was given 40% transparency, underlying topographic data were visible in addition to the information contained in the image. A subtle color layer of MOLA gridded data was superposed and revealed regional and local topographic trends essential for accurate mapping of valley networks and drainage basins. In this manner, valley networks were identified and mapped in multiple data sets at the same time, greatly increasing the completeness and accuracy of mapping. Negative topographic lineations seen in MOLA data were used to locate potential fluvial valley networks, and their existence was confirmed with the higher-resolution image data. Image and topographic data were useful in discriminating fluvial valleys as opposed to troughs produced by other means (e.g., tectonic, impact). All data sets were used in conjunction to map the full extent of each network.
RESULTS
When MGS data were analyzed with the technique just outlined, far more valley systems on Mars were identified on a global scale than have been previously mapped. Figure 1 and Table 1 illustrate previous and new mapping efforts and are archetypical examples of our results. Figure 1A shows a valley network across the image with a northwest azimuth as mapped by Carr (1995) on a base image of the highestresolution Viking MDIM available. A long trunk segment with a few minor tributaries is visible and indicative of a poorly integrated and immature drainage basin. The valley system pictured is a third-order system that includes 44 segments with a total length of 1308 km, and the basin has a drainage density of 7.6 ϫ 10 Ϫ3 km Ϫ1 (Table 1 ). The morphometry of the network, as previously mapped, was interpreted to be consistent with groundwater discharge in the absence of precipitation (Carr and Chuang, 1997) . In contrast, Figure 1B shows the same region with the base image as a combination of MOC and MOLA data, and more than 15 times more valley segments are evident in the new MGS data when using the same defining characteristics of valleys as Carr (1995) . Our mapping reveals that this third-order system mapped by Carr (1995) is really sixth-order with many closely spaced tributaries. In total, 11,161 km of valley segments can now be positively identified, nearly 9 times more than previous efforts have yielded. Moreover, the calculated drainage density is 6.5 ϫ 10 Ϫ2 km
Ϫ1
, or ϳ9 times larger than evident from earlier data ( Table 1) . Another surprising result in analysis of the MGS data is integration of previously mapped discontinuous valley segments, indicative of more mature drainage systems. Figure 1C portrays seemingly unconnected first-and secondorder valley networks mapped by Carr (1995) using Viking data. Figure 1D shows the same area with MGS data and our remapping of valley networks with the same defining characteristics. It is now clear that these seven low-order segments are really part of an integrated drainage basin with many tributaries. The valley segments can be mapped right up to drainage divides in many cases. In Figure 1D the valleys can be traced almost to the tops of crater rims, as is evident on a large impact structure in the southwest part of the image. Previously, 453 km of valley segments had been mapped on the selected area compared to 3496 km now visible in the MGS data. The resultant drainage density is nearly an order of magnitude greater (Table  1) . Our drainage density estimates of the two regions discussed here are comparable to the low-end terrestrial values determined in a similar manner by Carr and Chuang (1997) , who found a range of 6.5 ϫ 10 Ϫ2 km Ϫ1 to 2.09 ϫ 10 Ϫ1 km Ϫ1 for five varied regions in the United States.
Several studies have described local Martian drainage densities of the same magnitude reported here (e.g. Grant, 2000; Irwin and Howard, 2002) . Our work shows, in contrast, relatively high drainage densities across much of the highlands of Mars. Table 1 lists three additional geographically diverse regions that are representative of typical results. In all cases, new mapping has revealed many more valleys, greater stream order, larger extent, and much higher drainage densities than previously reported. Earlier mapping of each of these valley networks by Carr (1995) showed third-order streams with drainage densities well below terrestrial values calculated by Carr and Chuang (1997) . Conversely, our mapping technique applied to recent MGS data shows that these systems are at least fifth-order and have drainage densities approaching 1 ϫ 10 Ϫ1 km
. These findings imply that earlier calculations of Martian drainage densities greatly underestimated the actual values present on Mars.
A few regions of the Martian highlands previously identified as lacking valley networks include northwest Arabia Terra and around the Hellas and Argyre impact basins. We reexamined these areas in light of the new data to determine whether this proposition remains true. Analyses of MGS data still reveal a paucity of valley networks in these regions. In northwest Arabia Terra, a few low-order valley networks are seen that generally occur on local topographically high, heavily cratered terrain. The nearest neighbor of many of the valley networks is Ͼ100 km away, and drainage systems seldom reach lengths of Ͼ70 km. Mature valley networks that are in neighboring regions, and that have azimuths toward this area, terminate at geologic boundaries with smooth terrain in northwest Arabia. This finding suggests that younger mantling units may bury most valley systems in northwest Arabia, as suggested by Moore (1990) . Conversely, valley networks could have been removed by extensive peneplanation of this region (Hynek and Phillips, 2001) .
DISCUSSION
In nearly all regions of the cratered highlands reexamined in the light of new data, we found a substantial increase in total mapped valley length and drainage density in any given drainage basin. Most valley segments mapped by Carr (1995) with Viking data can now be traced a greater distance, and some segments reach right up to drainage divides. Moreover, many previously identified individual valley segments are now seen as part of larger, integrated, dendritic drainage basins with lengths up to thousands of kilometers. Some undissected regions of the highlands still remain; these could be a result of extensive fluvial resurfacing (Hynek and Phillips, 2001) or burial by younger geologic units. Wherever valley networks were identified with Viking data, however, many more are evident in MGS data.
Although the results presented here do not conclusively prove that overland flow was a significant contributor to valley formation on ancient Mars, they do refute several of the main lines of evidence against such a scenario. We have recognized far higher drainage densities over much of Mars by using MGS data. The values are considerably greater than previously thought and comparable to low-end estimates for terrestrial values determined in a similar manner (Carr and Chuang, 1997) . Few mature, dendritic drainage basins were previously identified on Mars, arguing against substantial precipitation and surface runoff. We now realize, however, that many of the mapped low-order systems are parts of larger, integrated basins that have morphometries consistent with terrestrial basins and therefore possibly some degree of influence from surface runoff. Evidence for U-shaped valleys in Viking images is another commonly cited argument for formation by groundwater processes (e.g., Carr, 1996) . Recent MOLA data show that both U-and V-shaped valleys occur, that a majority are V shaped, and that the two morphologies are often present in the same valley network (Williams and Phillips, 2001 ). These findings can be explained by a model proposed by Baker and Partridge (1986) , who envisaged initial formation of valleys by precipitation and surface runoff with later modification from groundwater sapping. U-shaped valleys could also form from eolian infilling or mass wasting of V-shaped valleys originally carved by surface runoff (Williams and Phillips, 2001 ). Carr and Malin (2000) noted that in high-resolution MOC images there is a general lack of fine-scale dissection, as commonly formed by precipitation and surface runoff on Earth. A majority of valley networks, though, occur on ancient terrain that has vast portions mantled with eolian deposits (Greeley et al., 1992) . Burial by even a few meters of eolian sediment could obscure finely spaced tributaries in valley systems. Impact gardening by small craters has been ubiquitous in the highlands and may also have been important in inhibiting valley network development or in burying first-order tributaries (Irwin and Howard, 2002) .
We argue that the new data provide support for some degree of surface runoff (and by inference precipitation) on Mars in the ancient past. Surface runoff is the simplest explanation for the integrated drainage basins, valley heads near the top of divides, V-shaped valleys, and drainage densities comparable to terrestrial values seen in MGS data. While later modification by groundwater processes and eolian infill are likely, early precipitation and surface runoff are probably necessary to explain the observed surface features of Mars, and thus the climate must have been significantly different in the past.
